ABSTRACT: Biopolymers, which are polymers produced by living organisms, have been generally used in various fields such as medical, food, cosmetic, and medicine according to their mechanical and beneficial health properties. Recently, the utilization of biopolymer has been slightly attempted for soil erosion control, aggregate stabilization, and drilling enhancement. However, the biological effect on the geotechnical behavior of soil has been poorly understood, although it is important for geotechnical engineering practice. In this study, an purified biopolymer (i.e., β-1,3/1,6-glucan) was used as an engineered soil additive to ordinary residual soil (i.e., a typical topsoil in Korea; hwangtoh). Micro (i.e., small strain) geotechnical properties of β-1,3/1,6-glucan treated Korean residual soil were measured via a non-destructive laboratory tests. In details, the elastic wave velocities of β-1,3/1,6-glucan treated soil was evaluated by using a piezoelectric sensor embedded oedometric cell. P-and S-wave velocities were measured simultaneously with axial loading. The results show shear modulus increases as the β-1,3/1,6-glucan content in soil increases. Meanwhile, β-1,3/1,6-glucan treatment has no effect on the compressional stiffness of soil.
INTRODUCTION
Since the development of Portland cement (1824), cement has been widely used around the world as a basic ingredient of concrete, mortar, stucco and most non-specialty grouts. The global cement production increased rapidly at an average annual growth rate of 3.6% during the last quarter of the 20 th century (594 M·ton in 1970 to 1453 M·ton in 1995) (Cembureau 1998) . Recently, developing countries such as China, India, and Brazil have been leading the growth of cement production. The chemical calcination and fuel burning stages of cement production emit carbon dioxide, which is a significant greenhouse gas. Five percent of global carbon dioxide emissions are reportedly contributed by cement industries (BP 2007; Worrell et al. 2001) . Thus, there have been several attempts to reduce or replace the usage of cement: namely geopolymer (Davidovits 2008) , alkali-activated cement (Alonso and Palomo 2001) , geocement (Krivenko and Kovalchuk 2007) , inorganic polymer concrete (Sofi et al. 2007) . There is still a high demand for the development of harmless, environmentally friendly construction material which can reduce cement dependency and be easily reused without any negative environmental impact.
Biopolymers are polymers produced by living organisms. Most applications of biopolymers can be found in the medical engineering of drug delivery systems, wound healing, and surgical implantations (Van de Velde and Kiekens 2002) . Biopolymers have also been attempted as soil-stabilizing additives for soil strengthening and erosion control (Chang and Cho 2012; Orts et al. 2007 ). The existence of biopolymers influences the surface and colloid chemistry of soil by means of adsorption reactions between the constituents of the soil solution and the solid phases in the soil (Sposito 1989) . Moreover, biopolymers are used for soil drilling muds and temporary excavation supports (Mitchell and Santamarina 2005) . However, from a geotechnical and geoenvironmental perspective, theoretical and practical understandings on the interaction between various types of biopolymers and soil media are still unknown.
This study defines the micro-scale mechanical behavior of β-1,3/1,6-glucan biopolymer in terms of its inter-particle function with ordinary soil (i.e., Korean residual soil). A series of small-strain / micro-scale laboratory approaches were performed to investigate the structural and engineering behavior of β-1,3/1,6-glucan treated soil. In particular, evaluated small-strain stiffness values (e.g., elastic wave velocities) are combined to discussed the interaction between β-1,3/1,6-glucan biopolymer and soil particles.
MATERIALS AND METHODS

Beta-1,3/1,6-glucan biopolymer
Glucan is a polysaccharide of D-glucose (C 6 H 12 O 6 ) monomers. The type of glucan is distinguished from α-and β-glycosidic bonds. An α-glycosidic bond emerges below the plane of glucose, while β-glycosidic bond exists above the plane. Beta-1,3/1,6 glucans are the biopolymers of D-glucose monomers linked by β-glycosidic bonds (Bacic et al. 2009 ).
The beta-glucan is found in various forms in nature such as, cellulose in plants, bran of cereal grains, cell walls of yeast, fungi, mushrooms, and bacteria. Especially, β-1,3/1,6-glucan produced by yeast and mushroom has high biological activity which is used as immune system modulators in medical engineering (Ooi and Liu 2000) . Polycan TM (Glucan Corp., Busan, Korea), which is a commercial product of β-1,3/1,6-glucan produced by UV induced mutant of Aureobasidium pullulans SM-2001 (Shin et al. 2007 , is used in this study. Standard reagent was prepared by distilled water dilution with a concentration of 8.2 g of β-1,3/1,6-glucan per 1 L of dissolved solution. The concentration of the liquid type standard reagent was defined as c o = 1.0 (8.2 g/L β-1,3/1,6-glucan; and c o = 0 represents distilled water).
Korean residual soil (hwangtoh)
The residual soil (i.e., hwangtoh) used in this study is from Ha-dong, Korea. The mineral constitution by mass is as: Quartz (8.4%), Kaolinite (45.8%), Halloysite (22.7%), Illite (14.8), Goethite (8.3%). Natural soil is air dried at room temperature and slightly crushed for sufficient mixing.
Wave-based laboratory oedometric test
β-1,3/1,6-glucan contained (or, mixed) soil is placed in an acryl oedometer cell that is embedded piezoelectric transducers (PZT) at the bottom and top (Fig. 1) . A top cap is used for load application, strain measurement and sensor housing. Two different types of PZT sensors are applied, a plate type for compressive (P-) wave and a bender element type for shear wave measurement (Fig. 1) . Detail methods for sensor soldering and housing can be found in (Chang and Cho 2010) . For signal measurement, bottom PZT sensors were connected to a waveform generator (Agilent 33120A) to generate single step signals. The received signals passed the multi-channel signal conditioner (Krohn-Hite 3944) to remove unwanted noise (i.e., band pass filtering). Details of signal interpretation followed the procedure preseted by Lee and Santamarina (2005) .
Three different sample conditions were prepared to verify the β-1,3/1,6-glucan effect on the small strain seismic characteristics on residual soil behavior. The details of sample conditions are listed in Table 1 . Even though all samples were prepared under equal initial water content, the initial density decreases with higher biopolymer contents. Beta-glucan is a hydrophilic biopolymer which adsorbs water immediately and forms a thick bound water layer on its surface. Thus, higher biopolymer content in soil voids under saturated condition renders larger void space (i.e., void ratio) due to the expanded volume of biopolymer fibers.
A step loading method was chosen for load application. Subsequent loading was performed after the convergence of elastic wave increment and volumetric strain decrement induced by the previous loading step. 
FIG. 1. Schematic diagram of non-destructive sensors embedded testing device.
RESULTS AND ANALYSES
Elastic wave measurement results
Examples (c o = 0 and 0.5) of the elastic wave velocity variation with time and load increment are displayed in Fig. 2 . The results show that both the compressive wave velocity and the shear wave velocity increase continuously with time, and converge to a stable value, which indicates the dissipation of the excess pore water pressure induced by loading. Generally, the P-wave (V p ) velocity is higher than the S-wave (V s ) velocity under the same physical conditions (e.g., specimen, load). Thus, the P-and S-wave relationship derives the poisson's ratio (ν) for each specimen in average as: 0.34 (c o = 0), 0.31 (c o = 0.1), and 0.31 (c o = 0.5), following Eq. 1 (Santamarina et al. 2001 ). This indicates that Page 5 biopolymer treatment slightly increases the rigidity of soil.
The initial elastic wave velocities of β-13/1,6-glucan treated Korean residual soil mixtures are low, because of its loose particle packing. In the case of one-dimensional consolidation (i.e., under fully saturated condition), when the load is applied to the specimen, the applied total stress is resisted by excess pore water pressure. The hydraulic pressure head difference causes the pore fluid to flow upward and downward through the drainage path, and thus the pore water pressure decrement transfers to the vertical effective stress increment.
The rate of pore water pressure dissipation depends on the permeability of soil, drainage path, viscosity of pore fluid, etc. In this study, specimens were remolded under uniform initial water content (60%). However, the addition of β-1,3/1,6-glucan increases the viscosity of fluids due to its high molecular weight and long molecular chain (Burkus and Temelli 2005) .
Shear wave velocity assessments of β-1,3/1,6-glucan treatment
The converged final elastic wave velocity and void ratio values (final measurements at each step) for each specimen and loading step are summarized in Table 2 . The shear wave velocity-vertical effective stress relationship can be expressed as Eq. 2 (Santamarina et al. 2001 ). 
Eqs. 3, 4, and 5 show that α factor increases as β-1,3/1,6-glucan concentration increases. Generally, α factor depends on soil porosity, coordination number, contact behavior, and fabric (Santamarina et al. 2001) . In this study, as all specimens were remolded, different porosity effect can be excluded. Thus, it can be concluded that the increase of β-1,3/1,6-glucan biopolymer fibers in Korean residual soil increases the fabric and contact behavior, as well as the shear modulus. This finding is in line with previous studies which reported that the increase of organic matter in soil increases the internal particle friction and cohesion, which causes higher shear resistance (Hartge and Stewart 1995; Zhang 1994) .
Elastic stiffness behavior of β-1,3/1,6-glucan treated soil
In Fig. 3 , the shear wave velocity and void ratio values are plotted together. The results in Fig. 3 show that shear wave velocity increases as β-1,3/1,6-glucan content increases, and this phenomenon maximizes at high density conditions. For a certain void ratio value (e.g., 1.00), the shear wave velocity values varied as: 255 m/sec (natural Korean residual soil), 307 m/sec (c o = 0.1), and 347 m/sec (c o = 0.5). Thus, higher biopolymer content inside soil renders higher shear wave velocity, and this effect is enhanced as void ratio decreases. This result is in line, with Eqs. 3, 4, and 5 (α factor increases as β-1,3/1,6-glucan content increases). Thus, it is concluded that the existence of β-1,3/1,6-glucan improves the shear modulus (G, related to V s ; G=ρV s 2 ) of Korean residual soil. For further verification, the compressive wave velocity data are presented with void ratios in Fig. 4 . The result does not show any significant relationship between the compressive wave velocity and β-1,3/1,6-glucan content.
In overall, the compressive and shear wave results show that an increase in the β-1,3/1,6-glucan concentration leads to the shear stiffness increment (G, related to shear wave velocity increase), while it has minimal or no effect on the constraint modulus (M, related to compressive wave velocity; M=ρV p 2 ). The compressive strength (10 kPa in average), and stiffness (20 kPa in average) of β-glucan polymer are extremely smaller than its tensile strength properties (48 MPa in average strength and 2.11 GPa in average stiffness) (Lazaridou et al. 2003) . Thus, it can be concluded that β-1,3/1,6-glucan polymer plays a significant role in strengthening soil as a tension member, increasing the shear stiffness between particles. The result of elastic wave velocity increase with the amount of biopolymer increase verifies the improved stability of biopolymer treated residual soil, under the existence of water. Therefore, it can be concluded that biopolymer treatment in-field is suitable for quick soil stabilization demands, such as landslides, deep excavations, and slurry walls.
CONCLUSIONS
This study provides experimental investigations on a new soil treatment material called biopolymer. According to the lack of understandings, non-destructive (i.e., small-scale) measurements are introduced to evaluate the influence of biopolymers on the micro-scale (i.e., interparticular) behavior of soil.
An increase in the β-1,3/1,6-glucan content in Korean residual soil improves the fabric and contact behavior, inducing an increment in the shear wave velocity and shear modulus. The α factor in the equation of effective stress and shear wave velocity increases as the amount of β-1,3/1,6-glucan increases. The compressibility of Korean residual soil (which seems to have a low correlation with organic matters that coexist inside, especially organic carbon) has a unique value in the compressibility, regardless of the amount of β-1,3/1,6-glucan. The presence of β-1,3/1,6-glucan fibers increases the shear modulus of soil (G), which is related to an increase in the shear wave velocity, but has only a minor or even no effect on the soil axial deformation characteristics (namely the constraint modulus, M, which is related to the compressive wave velocity).
The result of this study verifies soil stability improvement induced by biopolymer treatment, under the existence of water. Therefore, it can be concluded that biopolymer treatment in-field is suitable for quick soil stabilization demands, such as landslides, deep excavations, and slurry wall. However, various further studies are highly demanded for wider and deeper understandings on biopolymer and soil interaction.
